This paper proposes to examine the effect of temperature on the oxidation behavior of biodiesel. Soybean biodiesel was oxidized at different temperatures (room temperature, 60, and 110 °C), and the increase in primary and secondary oxidation products was determined based on the peroxide and anisidine values, respectively, during the induction period (IP). The results indicated that the evolution of hydroperoxides followed zero-order reaction kinetics during the IP at all temperatures, and their rate of formation was exponentially affected by temperature. It was also deduced that temperature influenced the ratio between primary and secondary oxidation products formation, which decreased as the temperature increased. Additionally, it was possible to predict the oxidation behavior of the soybean biodiesel at room temperature by an exponential model fitted to the IP values at different temperatures (70, 80, 90, 100, and 110 °C) using the Rancimat apparatus.
INTRODUCTION
Interest in new energy sources, especially for partially replacing fossil fuel, has drawn attention to biodiesel research (Nigam and Sing, 2011) . Biodiesel comprises a mixture of alkyl esters obtained by transesterification between a lipid-based feedstock, such as vegetable oils, animal fats, and/or waste cooking oils, and a short-chain alcohol using a catalyst (Giordani et al., 2008) . In addition to the status of renewable energy resources, biodiesel presents some advantages compared to fossil fuel, such as its biodegradability, reduced exhaust emissions, higher cetane number, greater lubricity, and safer distribution and storage due to its higher flash point (Hoshino, 2007; Knothe, 2007; Monyem and Van Gerpen, 2001 ). Furthermore, the production and use of biodiesel has also focused on social inclusion and regional development by generating employment and income, as is the case in Brazil (Suarez, 2006 ).
An essential feature of a fuel is its ability to resist chemical and physical changes during distribution and storage. Accordingly, biodiesel is more prone to degradation via oxidation than conventional fossilbased fuels due to its content in unsaturated fatty acid chains (Knothe, 2007) . Oxidation is a complex autocatalytic reaction that produces a high number of new products. In this context, hydroperoxides, the primary oxidation compounds, are the main compounds formed in the earlier stages of oxidative degradation, which is during the induction period (Jain and Sharma, 2010; Pereira et al., 2013) . However, hydroperoxides are quite unstable and easily form secondary oxidation products in the advanced stages of oxidation. These secondary products can originate from rearrangements in monomeric products (keto, hydroxy, and epoxy functional groups), from decomposition into lower-mass products (aldehydes, alcohols and hydrocarbons), or from polymerization (dimers and oligomers) (Frankel, 1984; Knothe, 2007) . In this stage of the oxidation process, biodiesel does not fulfill the main quality specifications (Lacoste and Lagardere, 2003) and therefore is not suitable for use. The formation of oxidation compounds negatively affects the mechanical components of engines. For example, hydroperoxides can attack elastomers, acid products formed from hydroperoxide cleavage cause the corrosion of metal systems, and gums and sediments of high-molecular mass can clog injection pumps and filters (Fazal et al., 2010; Monyem and Van Gerpen, 2001; Sorate and Bhale, 2013) .
The rates of these oxidation reactions depend on several factors inherent to the biodiesel nature as well as on the external environment and storage conditions. The major constituents of biodiesels are unsaturated fatty acid esters because they are typically produced from vegetable oils, such as soybean and rapeseed (Knothe, 2007; McCormick et al., 2007) .
In fact, di-and tri-unsaturated fatty acid chains contain the most reactive sites for hydrogen atom abstraction, making biodiesels with high contents of linolenic and linoleic acids more susceptible to degradation (Knothe and Dunn, 2003) . On the other hand, the presence of natural or synthetic antioxidants increases the stability of biodiesel by reducing the rate of free radical propagation (Fröhlich and Schober, 2007) . The oxidative degradation of biodiesel occurs primarily as a result of contact with metal, light, air and/or heat during its storage and distribution. Metal and light are pro-oxidants that affect the oxidation rate (Aquino et al., 2012) , but contact with air and elevated temperature are the most deleterious parameters related to biodiesel degradation (Godoy et al., 2013) . It is recognized that, in general, the rate of a chemical reaction approximately doubles for every 10 °C increase (Stoker, 2010) . For this reason, oxidative stability is even more crucial for biodiesel quality in countries where there are high annual average temperatures, such as Brazil.
It is noteworthy that, in spite of the complex specification of biodiesel, there is no analytical parameter to evaluate their oxidative quality, with the exception of oxidative stability. However, oxidative stability is not a method that measures oxidation status. In this context, in a previous study our research group investigated the evolution of oxidation in soybean oil and its biodiesel under the standard conditions of oxidative stability (110 °C), using a pool of analytical methods. Here, we aimed to expand the research related to biodiesel oxidation, focusing on the effect of temperature on the formation of primary and secondary oxidation products. We further aimed to predict the end of the stability at storage conditions from the results obtained in the accelerated oxidation experiments.
MATERIAL AND METHODS

Biodiesel production
Soybean oil used in biodiesel production was supplied by Koipe S.A. (Andújar, Jaén, Spain). Transesterification of the oil involved mixing, under constant stirring, 100 g of soybean oil and 35 mL of sodium methoxide solution (1.5 M in methanol) at ambient temperature for 30 minutes. After the reaction, the medium was washed with water to remove impurities, such as glycerol, soaps, catalysts, and methanol residues. The ester fraction was filtered with anhydrous sodium sulfate to eliminate traces of moisture (Tomasevic and Siler-Marinkovic, 2003) .
Physicochemical characterization of biodiesel
Fresh soybean biodiesel was characterized by standard methods of oxidation and quality. Fatty acid methyl esters were determined by gas chromatography according to the IUPAC method 2.302 (IUPAC, 1992) . Mono-, di-, triacylglycerol, and glycerol residues in the fresh soybean biodiesel were determined according to method EN 14105 (CEN, 2003a) . The content of nonpolar and polar compounds was determined gravimetrically by IUPAC method 2.507 (IUPAC, 1992) with a slight modification. 150 mL of hexane/diethyl ether (95:5) were used to elute the nonpolar fraction due to the lower polarity of fatty acid methyl esters compared to that of triacylglycerols. The kinematic viscosity was determined by the method ASTM D7042 (ASTM, 2012). Finally, acid value and oxidative stability were determined following the methods EN 14104 (CEN, 2003b) and EN 14112 (CEN, 2003c) , respectively. Oxidative stability is expressed by the induction period, which is the time (in hours) that elapses until the primary and secondary oxidation products increase significantly. This value indicates the resistance of biodiesel to oxidation.
Oxidation procedures
The soybean biodiesel was submitted to three different oxidation procedures, at room temperature, 60 °C, and 110 °C. The conditions for the oxidation procedures were as follows.
Room temperature
Samples containing 40 g of soybean biodiesel were placed in 200 mL open amber glass containers and kept in the laboratory with exposure to indoor air. Samples were collected for analysis every 10 days, approximately, over a period of 340 days. Average temperatures ranging from 15 to 25 °C were measured throughout this storage time.
Oven at 60 °C
Samples containing 10 g of soybean biodiesel were placed in Petri dishes with a surface-to-volume ratio of 13 cm −1 and stored in an oven at 60 °C without exposure to light. Samples were collected for analysis at the following time intervals: 0, 2, 3, 4, 5, 7, and 8 days.
Rancimat at 110 °C
Samples containing 10 g of soybean biodiesel were placed in Rancimat tubes and then inserted into a Rancimat apparatus (Metrohm, Herisau, Switzerland) with the block temperature set to 110 °C and with an air flow rate of 20 L·h −1 . Samples were collected for analysis at the following time intervals: 0, 1, 2, 3, 4, 5, and 6 h.
In each procedure, samples were collected for analysis at different time intervals until the induction period was exceeded. All the experiments were performed in duplicate.
Analysis of biodiesel oxidation
The oxidation evolution of the soybean biodiesel samples was analyzed by standard methods to determine the primary and secondary oxidation compounds; via the peroxide (AOCS Cd 8b-90) and p-anisidine values (AOCS Cd 18-90) (AOCS, 1997). Changes in the tocopherol contents were also monitored by normal high-performance liquid chromatography with fluorescence detection (excitation at 290 nm and emission at 330 nm) according to the IUPAC method 2.432 (IUPAC, 1992) . In addition, the useful life of the fresh soybean biodiesel samples was predicted by fitting an exponential equation to the oxidative stability data obtained under the same conditions defined by EN 14112 at different temperatures (70, 80, 90, 100, and 110 °C).
Statistical analysis
Regression analyses were performed using Excel 2007 software (Microsoft Co., USA).
RESULTS AND DISCUSSION
The physicochemical characterization data for the fresh soybean biodiesel are given in Table 1 . In general, the biodiesel showed good oxidative quality, as verified by the low values of peroxide, anisidine, and polar compounds. In addition, all the parameters, except the acid number and oxidative stability, were in accordance with the European specifications (EN 14214). Although the sample does not meet the specifications for oxidative stability, it is recognized that most of the biodiesels produced from polyunsaturated vegetable oils present low oxidative stability when no antioxidants have been added (Dantas et al., 2011; Jain and Sharma, 2011; Maia et al., 2011) . This was also true for the soybean biodiesel used in this study, as evidenced by its major fatty acid methyl esters (C16: 0-10.7%, C18: 0-3.3%, C18: 1-21.5%, C18: 2-51.2%, and C18: 3-5.9%). However, the value found for oxidative stability (5.5 h) met the less rigorous ASTM D 6751 specification (min. 3 h). Figure 1 shows the evolution of hydroperoxides in the soybean biodiesel measured by the peroxide value at the three different temperatures (110 °C, 60 °C, and room temperature) as well as the parallel loss of total tocopherols. As can be observed, the peroxide value increased moderately during the induction period (IP); however, a marked increase in the oxidation rate was observed when the IP was exceeded. Interestingly, the sharp increase in the primary oxidation products coincided with the loss of natural tocopherols. It can also be observed that, despite the enormous differences in the IP of the soybean biodiesel samples at different temperatures (5-6 hours, 7-8 days, and approximately 10 months at 110 °C, 60 °C, and room temperature, respectively), the levels of natural antioxidants were approximately 15% for samples close to the end of the IP. Thus, an acceleration in the oxidative degradation of the biodiesel appeared to take place when the level of antioxidants was too low to delay oxidation. Figure 1 also shows that the peroxide values at the end of the IP decreased as the assay temperature increased. Thus, the last samples before the end of the IP had peroxide values of 191, 212, and 314 meq O 2 ·Kg −1 at 110 °C, 60 °C, and at room temperature, respectively. This may be due to the instability of tocopherols (Márquez-Ruiz et al., 2003) or hydroperoxides at higher temperatures.
The instability of the hydroperoxides was confirmed by determining the anisidine value as a measure of the presence of secondary oxidation compounds, specifically aldehydes. Table 2 shows the peroxide and anisidine values as well as the ratio between the two indices for selected samples before the end of the IP at 110 °C and 60 °C. It can be clearly observed that the formation of secondary oxidation compounds, as determined by the increases in the anisidine value, was much higher at 110 °C than at 60 °C for similar levels of hydroperoxides. This fact can be explained by the decomposition of the hydroperoxides, which occurred in a fast rate at 110 °C. Additionally, it is interesting to observe that the ratios between the indices were similar throughout the IP at each temperature, i.e. around 9 and 24 at 110 and 60 °C, respectively. ), t=the time of oxidation (h), and b=the intercept of the PV-axis. It is interesting to note that the poorer fit of the equation to the room conditions was due to the variable temperature (15-25 °C) , with the high initial slope corresponding to the summer season (approximately 25 °C). From the slopes of the equations (k), it was possible to obtain the rates of hydroperoxide formation, which were calculated to be 23.1, 1.23, and 0.027 meq O 2 ·Kg −1 h −1 at 110 °C, 60 °C, and ambient conditions, respectively (Figure 2) . Therefore, increasing the temperature to 60 °C and 110 °C accelerated the oxidation rate 45-and 855-fold, respectively, relative to the ambient conditions. These results indicate that temperature has an exponential influence on the oxidation rate of the soybean biodiesel. Accordingly, the storage and distribution temperatures of biodiesel are critical variables that determine its quality and useful life.
We further aimed to determine whether the end of the IP at storage conditions could be deduced from the results obtained from the accelerated oxidation experiments. For this purpose, we determined the IP using a Rancimat apparatus under the same conditions defined by EN 14112 at different temperatures (70-110 °C). Figure 3 shows that the IP and temperature followed an exponential (Figure 1 ). Consequently, it is noteworthy that the end of the IP under ambient conditions could be predicted by an exponential model similar to that proposed in Figure 3 . Although the end of IP depends on the different variables of the biodiesel sample and storage conditions, its determination by accelerated condition tests may be a practical tool in the routine analysis of biodiesel.
CONCLUSIONS
In conclusion, the results obtained in this paper indicate that the oxidation behavior of soybean biodiesel followed a general pattern. Temperature negatively affected the biodiesel quality, reducing its oxidative stability and consequently accelerating the formation of oxidation products. In this context, elevated temperatures increased the rate of hydroperoxide formation and also favored the emergence of secondary products, which are harmful to engine and fuel systems. Finally, we verified the usefulness of an exponential model fit to the IP values at different temperatures to predict the end of the induction period of a biodiesel during storage. 
